INTRODUCTION
An individual's ability to survive disease should be correlated with their immunocompetence and thus it is often assumed that greater measures of immunocompetence generally indicate greater immunity (for review see Ardia & Schat 2008) . Although many studies have investigated the relationship between survival and immune response through immune challenges (see review by Møller & Saino 2004) , a missing component is evidence of resistance against a naturally occurring disease. Our understanding of the relationship between immunity to a pathogen and survival is complicated, because immune capability can vary with overall body condition (Ardia & Schat 2008) , reproductive state or effort (Sheldon & Verhulst 1996) and physiological stress (for review see Sapolsky et al. 2000) .
Other studies have examined traits favoured by selection during catastrophic events; however, none have implicated a pathogen outbreak as the cause (e.g. Bumpus 1899; Price & Grant 1984) . More recently, Nolan et al. (1998) found that smaller house finches (Carpodacus mexicanus) were more likely to survive an outbreak of mycoplasmal conjunctivitis. Here we report, for the first time in birds, directional selection on an immunocompetence trait during an epidemic.
Between July 2008 and January 2009, 39 per cent of our study population of Florida scrub-jays died. This is more than twice the annual mortality rate (long-term average of approximately 18 per cent; Woolfenden & Fitzpatrick 1984) . Although we do not know the exact time-course of all fatalities, many died between mid-July and October and this was almost certainly a consequence of a disease epidemic. As part of a project on breeding male Florida scrub-jays, we had collected data three months prior to the epidemic. These data, bacterial killing ability (BKA), body condition, baseline levels of the avian stress hormone, corticosterone (CORT), and reproductive effort for 32 breeding males, allowed us to determine whether measures of constitutive immune response, body condition, stress or reproductive effort were subject to selection during this epidemic. (b) Capture and blood sampling Four days following hatching of its clutch, we used Potter traps to capture that territory's male breeder. We then collected a small blood sample from the brachial vein within 2 min to measure baseline CORT levels (Romero & Reed 2005) . Subsequently, we collected a sterile blood sample and 40 ml was transferred to a vial containing 400 ml of CO 2 -independent media (catalog #18045: GIBCO Invitrogen, Carlsbad, CA) with 4 mM L-glutamine (Sigma, #G-6392) for use in an in vitro BKA (see below). Blood samples were kept on ice until return to the laboratory (less than 60 min). Microhaematocrit tubes containing samples for measurement of baseline CORT levels were centrifuged and plasma was frozen and stored at 2208C until radioimmunoassay (RIA).
MATERIAL AND METHODS
(c) Bacterial killing assay We followed the protocol of Millet et al. (2007) to assay Escherichia coli (ATCC #8739) and Staphylococcus aureus (ATCC #6538; Microbiologics, St Cloud, MN) killing ability. An 110 ml suspension of bacteria and diluted blood was incubated in a heat-block at 418C (based upon average passerine body temperature; Gill 2007) for 20 min to stimulate an immune response. Two 50 ml aliquots were spread onto separate trypticase soy agar plates and incubated overnight at 378C. Controls consisted of 10 ml of the reconstituted bacterial culture diluted in 100 ml of media. Colonies were counted 24 h later and bactericidal activity was calculated as the proportion of bacterial colonies killed in samples when compared to controls. A nearly identical procedure that differed only in incubation time (60 min) was then used to determine the ability of blood to kill S. aureus.
(d) Radioimmunoassay
We measured plasma CORT concentrations with a single direct RIA. The RIA used tritiated CORT from PerkinElmer, Inc. (Boston, MA) and CORTantiserum from Esoterix Inc. (Calabasas, CA). The intraassay coefficient of variation (CV) was 16 per cent. CORT values were not normally distributed; therefore, data were square root transformed. For RIA details, see Schoech et al. (1997) .
(e) Body condition index As per the methods of Green (2001), we derived a body condition index (BCI) using a principal component analysis of structural measures (head breadth and the lengths of the head-plus-bill, wing cord, tail and tarsus). PC1 (variance explained ¼ 0.57) was regressed upon body mass and the resultant residuals served as the BCI. (Woolfenden & Fitzpatrick 1984) . We estimated paternal effort by summing the total days that a breeding male cared for offspring, corrected for the number of offspring. If we did not know the exact date of either nest failure or of the death of dependent young, we used an estimate based upon the last observation.
(g) Statistical analysis
Because the disease outbreak occurred three months after most data were collected, we used data for E. coli killing and BCIs from multiple captures at different times to determine repeatability (interclass correlation coefficient; Lessells & Boag 1987 (Lande & Arnold 1983; Grant & Grant 1995) prior to selection analysis. The selection differential (S, the net effect of selection on a trait) was calculated as the difference between the mean value of the trait in all birds sampled and the mean value of the trait in only the survivors. We used t-tests to assess statistical significance of the selection differential. We also calculated the direct effect of selection on each trait, or selection gradient (b), by estimating the partial regression coefficient of relative fitness (survival) on each trait. We used a logistic regression analysis (Grant & Grant 1995) to assess significance of the selection gradients (dead ¼ 0 and alive ¼ 1 in all analyses). The variables considered included the two measures of immune function (BKA of E. coli and S. aureus), baseline CORT levels, BCI, age and paternal effort (see above). All statistical analyses were conducted in PASW v. 17.0 (PASW Statistics 2009).
RESULTS
There was a significant selection gradient for both E. coli killing ability and BCI (increased E. coli BKA and greater body condition), suggesting that selection was acting on these traits (table 1; figure 1) . No other traits showed statistically significant selection differentials or selection gradients during this selection event (table 1) . Even though a selection gradient was found, there was no net effect of selection on any candidate trait, as evidenced by no significant difference in the means of any of our measures between individuals that were alive before or after the epidemic (see table 1 for selection differential values).
DISCUSSION
We provide evidence that this disease outbreak led to directional selection on both E. coli killing ability (a measure of non-specific constitutive immunity) and body condition. Although we did not discern a significant net change in these traits after the epidemic, we only have comprehensive data from male breeders in the population that were feeding young (of which nine of 32 died; 28%) and know little about the health-state of females or young-of-the-year (a demographic that suffered 51% mortality). Further, a power analysis shows that (for some measures) only a slightly larger sample size could have revealed significant net selection (see table 1 ). Also, a screening of survivors showed that 75% had antibodies against eastern equine encephalitis (EEE), strongly suggesting that this pathogen was responsible for the epidemic (R. K. Boughton unpublished data). For perspective, in previous years EEE antibody prevalence was approximately 10 per cent (R. K. Boughton unpublished data).
At the time of data collection a male breeder must provision his mate and offspring at the nest, while defending their territory. The demands remain elevated until the young reach nutritional independence. We speculate that the coincidence of high parental effort with the disease outbreak contributed to the impact of the pathogen upon our study population. Obviously, there are multiple other factors that are not considered here, such as additional components of the immune system (Martin et al. 2006; Ardia & Schat 2008 ) and genetic quality (O'Brien & Evermann 1988 ) that could have contributed to survival.
Though speculative, there are a number of possible reasons that we found directional selection in only one of two measures of innate immunity. First, in a comparative study with birds, Millet et al. (2007) found differences between BKA of S. aureus and E. coli within the same individuals. Differences that may be due to immunoredistribution (a temporary shifting of immune resources and function to different components of the immune system; Martin et al. 2006) , the effectiveness or efficiency of toll-like receptors specific for each E. coli and S. aureus (Janeway & Medzhitov 2002) , or a population-wide difference in exposure history to these bacteria (Keeler et al. 2007) . It is also important to note, that although there was no statistically significant directional selection for S. aureus killing, the individuals that survived did have slightly greater S. aureus killing ability (table 1).
Our findings that link an aspect of immunocompetence with survival agree with those of other studies 
